Lung cancers harboring mutations in the epidermal growth factor receptor (EGFR) respond to EGFR tyrosine kinase inhibitors, but drug resistance invariably emerges. To elucidate mechanisms of acquired drug resistance, we performed systematic genetic and histological analyses of tumor biopsies from 37 patients with drug-resistant non-small cell lung cancers (NSCLCs) carrying EGFR mutations. All drug-resistant tumors retained their original activating EGFR mutations, and some acquired known mechanisms of resistance including the EGFR T790M mutation or MET gene amplification. Some resistant cancers showed unexpected genetic changes including EGFR amplification and mutations in the PIK3CA gene, whereas others underwent a pronounced epithelial-to-mesenchymal transition. Surprisingly, five resistant tumors (14%) transformed from NSCLC into small cell lung cancer (SCLC) and were sensitive to standard SCLC treatments. In three patients, serial biopsies revealed that genetic mechanisms of resistance were lost in the absence of the continued selective pressure of EGFR inhibitor treatment, and such cancers were sensitive to a second round of treatment with EGFR inhibitors. Collectively, these results deepen our understanding of resistance to EGFR inhibitors and underscore the importance of repeatedly assessing cancers throughout the course of the disease.
INTRODUCTION
Non-small cell lung cancer (NSCLC) is the leading cause of cancer death in the world, and traditional chemotherapeutic drugs are only modestly effective. Recent advances with targeted therapies have provided a marked benefit to subsets of patients whose tumors harbor specific genetic abnormalities. In particular, NSCLCs with mutations in the gene encoding the epidermal growth factor receptor (EGFR) are uniquely sensitive to EGFR blockade with specific tyrosine kinase inhibitors (TKIs) (1) (2) (3) . Most cancers with EGFR mutations achieve marked and durable responses to treatment with the EGFR TKIs gefinitib or erlotinib. However, despite this initial response, patients with NSCLCs containing EGFR mutations acquire resistance to EGFR inhibitors, and the median time to disease progression is about 12 months (4, 5) .
To date, two mechanisms of acquired drug resistance have been confirmed in patients. About half of cancers that acquire resistance to EGFR TKIs develop a secondary mutation in EGFR (T790M), which abrogates the inhibitory activity of the TKIs (6, 7) . Another 15 to 20% undergo amplification of the MET receptor tyrosine kinase, which activates downstream intracellular signaling independent of EGFR (8, 9) . Additionally, clinical experience has revealed that, after a drug-free interval, resistant cancers can respond again to EGFR TKIs (10, 11) . However, the molecular basis for this phenomenon remains poorly understood. To increase our understanding of the full spectrum of acquired resistance by NSCLCs to EGFR TKIs, we rebiopsied recurrent disease sites in patients with EGFR mutations who developed resistance to EGFR TKIs. Molecular analyses were performed to assess the prevalence of known resistance mechanisms and to validate or refute potential mechanisms based on laboratory studies, with the aim of identifying new molecular mechanisms of resistance to EGFR TKIs. These investigations identified substantial histological and genetic changes in NSCLCs resistant to EGFR TKIs. In a few patients whose cancers were assessed at multiple points along their treatment course, we observed that genetic resistance mechanisms were "lost" without continued TKI treatment, thereby providing a molecular basis for the retreatment responses observed in the clinic. These results may provide a basis for developing new therapeutic strategies to overcome resistance and potentially to thwart its emergence. Additionally, our findings point to the value of repeat tumor biopsies throughout the course of a patient's disease to determine the best treatment regimen.
RESULTS

Biopsies of resistant cancers
To identify how EGFR-mutant NSCLCs develop resistance to EGFR inhibitors, we performed biopsies on patients at the time that drug resistance was acquired. All patients had EGFR-mutant NSCLC and had achieved a clinical response to EGFR TKI therapy but subsequently developed progressive disease. They underwent repeat tumor tissue biopsies as part of routine clinical care. Clinical and pathological information was abstracted retrospectively under an Institutional Review Board (IRB)-approved protocol.
Thirty-seven patients had tumor tissue available both before and after TKI treatment. They included 15 men and 22 women (Table 1 and Table 1 . Thirty-seven paired lung tumor biopsies resistant to EGFR inhibitors. EGFR, epidermal growth factor receptor; amp, amplification; del, deletion; Adeno, adenocarcinoma; Adenosquam, adenosquamous; NSCLC, non-small cell lung cancer not otherwise specified; SCLC, small cell lung cancer; CA, carcinoma; EMT, epithelial to mesenchymal transition; TKI, tyrosine kinase inhibitor; Erlo, erlotinib; Gef, gefitinib. S1 ) (12) . The median duration of primary TKI therapy was 14.1 months (range, 4 to 69 months) and the 1-or 2-year progression-free rates were 64 or 30%, respectively. Most patients (78%) were still taking an EGFR TKI at the time of repeat biopsy, and biopsies were performed a median of 30 months (range, 5 to 99 months) after original diagnosis.
ID# Age Sex
Only four patients received chemotherapy between the development of resistance and the repeat biopsy. Anatomic sites of repeat biopsy most commonly included lung lesions (38%), liver lesions (16%), and mediastinal or cervical lymph nodes (16%). Most biopsies (68%) were percutaneous with either computed tomography or ultrasound guidance, but some were performed via bronchoscopy, mediastinoscopy, or another surgical procedure. There were no major biopsy-related complications, including no cases of clinically significant bleeding, pneumothorax, or unanticipated hospital admission.
Genotypic mechanisms of acquired drug resistance
The 37 paired pre-and post-EGFR TKI tumor samples were analyzed for the presence of genetic alterations with our standard clinical genotyping platform, the SNaPshot assay. SNaPshot is a multiplex platform that is used at Massachusetts General Hospital (MGH) to genotype cancers at specific genetic loci across 13 genes, as previously reported (table S2) (13) . In addition, samples were analyzed for EGFR and MET amplification with fluorescence in situ hybridization (FISH). The pretreatment activating EGFR mutation was present in each drugresistant specimen (Table 1 and table S1 ). As predicted, we observed mechanisms of TKI resistance that were previously validated in clinical specimens. Eighteen (49%) patients acquired the exon 20 EGFR mutation T790M, and two (5%) patients developed MET amplification (Fig. 1) . In one case of an L858R EGFR-mutant cancer that subsequently developed MET amplification, the pretreatment specimen had marked EGFR amplification but no MET amplification ( Fig. 2A) . After resistance developed, MET amplification was abundant, but the EGFR amplification was lost ( Fig. 2A) . Given that the resistant lesion biopsied had initially responded to the TKI and harbored the same activating EGFR mutation as the treatment-naïve cancer, it seems most likely that the resistant tumor was derived from a distinct MET-amplified subpopulation of EGFR-mutant cells (that did not harbor EGFR amplification) that were selectively enriched during EGFR TKI administration, consistent with previous observations (14) . We also observed acquired resistance mechanisms previously assessed only in in vitro studies and not previously identified in patients. These included two (5%) patients with acquired PIK3CA mutations (15) . In addition, three (8%) patients acquired EGFR amplifications in their resistant specimens (Fig. 2B) , all of which also acquired the classic T790M EGFR mutation. Moreover, in two cases with high-level EGFR amplification (>10-fold), it was clear by comparison of the peak heights on the SNaPshot chromatogram that the T790M allele was the amplified Fig. 1 . The frequency of observed drug resistance mechanisms. The pie chart depicts the prevalence of observed mechanisms of resistance to EGFR TKIs in 37 patients with NSCLC biopsied at the time that resistance was acquired. Pre-and posttreatment specimens were compared and only acquired mechanisms of resistance are depicted. The blue wedge represents resistant cancers that developed the EGFR T790M resistance mutation including a subset that developed concomitant EGFR amplification. The green wedge represents cancers that developed MET amplification, and the red wedge represents cancers that underwent transformation to SCLC. The yellow wedge represents cancers that developed PIK3CA mutations, and the orange wedge represents one patient who had both SCLC transformation and acquisition of a PIK3CA mutation. allele ( fig. S2 ). In the third case, we were unable to make a definitive determination. Other cases with acquired mutations of uncertain significance included two (5%) cancers with b-catenin mutations, both of which occurred concomitantly with the EGFR T790M mutation. Fifteen (41%) posttreatment biopsies did not reveal any new mutations as assessed by the SNaPshot assay, nor MET or EGFR amplification. Two patients in this group had insufficient posttreatment tissue for EGFR and MET gene copy number analyses. Among the 15 patients without an identified genetic resistance mechanism, only 2 patients had stopped EGFR TKI therapy for more than 2 weeks at the time of biopsy.
Phenotypic changes in tumors with acquired resistance All of the drug-resistant tumor specimens underwent routine pathological analyses, and in some cases, significant alterations in the predominant histology of the resistant tumors were observed. To our surprise, five patients (14%) were found to have a diagnosis of small cell lung cancer (SCLC) in their drug-resistant tumor biopsies ( Table 2 ). All of these cases were lung adenocarcinoma before EGFR TKI treatment. The transformation to SCLC at the time of clinical TKI resistance was validated by histological examination and confirmed by expression of neuroendocrine markers (Fig. 3, A and B). The original EGFR mutation was maintained during the histological transformation in all five cases. One patient also acquired a PIK3CA mutation accompanying the SCLC transformation. Clinically, these five patients ranged in their disease courses. Two patients had relatively indolent disease immediately after the SCLC transformation, whereas the other three patients showed a marked progression that was reminiscent of classic SCLC. Four patients were treated with a classic SCLC treatment, platinum-etoposide-based chemotherapy, which induced marked responses in three cases (Fig.  3C ). The fourth treated patient had an initial response to radiation therapy, but declined quickly upon salvage chemotherapy. Autopsy of this case revealed extensive metastatic disease in the lung, thoracic lymph nodes, liver, and nodules along the diaphragm, all consisting entirely of SCLC and all maintaining the original EGFR L858R mutation with no additional mutations (table S3) . However, brain metastases still retained the appearance of lung adenocarcinoma, consistent with the original diagnosis.
In the laboratory, we observed a different phenotypic transformation when using the H1975 (L858R/T790M) lung adenocarcinoma cell line to model acquired resistance to an EGFR inhibitor. The cell line was made resistant to the irreversible EGFR inhibitor, PF00299804, to which it was initially sensitive, as previously described ( Fig. 4A) (8, (14) (15) (16) . The resistant cell line (H1975 Resistant) did not acquire MET amplification, but did show an increased copy number of the EGFR T790M allele, consistent with previous reports (17) . In addition, it underwent a marked histological change and developed a spindle-like morphology (Fig. 4B) . Assessment of E-cadherin and vimentin expression confirmed that the resistant cell line had undergone an epithelial-to-mesenchymal transition (EMT) (Fig. 4C ). EMT describes a cancer cell that loses its epithelial morphology and develops a more spindle-like mesenchymal morphology; this histological change is often associated with a shift in expression of specific proteins (for example, loss of E-cadherin and gain of vimentin) and a more invasive phenotype. In contrast, HCC827GR cells that had developed MET amplification upon resistance to an EGFR TKI (8) did not undergo an EMT (Fig. 4C ).
This finding supported previous observations that cancer cell lines undergoing an EMT have intrinsic resistance to EGFR inhibitors (18) (19) (20) (21) (22) . This prompted us to analyze paired tissue samples from seven patients with unknown mechanisms of resistance and five patients with the T790M EGFR mutation (who had sufficient remaining tissue) for the development of mesenchymal features and changes in vimentin and E-cadherin expression. Three of the 12 resistant specimens had phenotypic changes consistent with a mesenchymal appearance at the time of TKI resistance; all 3 cases were among the 7 without another identified resistance mechanism. Further analyses confirmed that two of these three posttreatment specimens had acquired vimentin expression and lost E-cadherin expression compared to their pretreatment counterparts, supporting an EMT (Fig. 4D ). Both cancers that underwent this transition retained their original EGFR mutation. Furthermore, one of these patients subsequently underwent autopsy, and phenotypic heterogeneity was observed among the differing sites of metastatic disease (table S4) . A left bronchial lymph node exhibited adenocarcinoma and did not have immunohistochemical evidence of EMT. However, another specimen from the right lower lobe with sarcomatoid morphology had marked evidence of EMT ( Fig. 4D and table S4 ). Both of these tissues retained the original EGFR mutation, an exon 20 insertion. Notably, although exon 20 insertions are not uniformly activating and have been associated with TKI resistance, this patient had achieved stable disease and symptom improvement on gefitinib treatment lasting 11 months, which is consistent with the clinical criteria of acquired resistance to EGFR TKIs (23). In contrast to these cases that underwent an EMT upon the development of resistance, we failed to observe this transition in all five cases examined that had developed T790M as their resistance mechanism. It appears that an EMT and a histological change to SCLC may be enriched specifically in EGFR-mutant cancers acquiring resistance to TKI therapy, because we failed to observe EMT in 10 available biopsy specimens from EGFR wild-type tumors that developed resistance to chemotherapy. Additionally, we failed to identify a changeover to SCLC in these 10 samples and in an additional 69 cases of stage III NSCLC that were resected after preoperative chemotherapy and radiation. The overlap of the genotypic and phenotypic changes observed in the entire cohort of EGFR-mutant TKI-resistant specimens is shown in fig. S3 .
Longitudinal genotypic and phenotypic changes in response to EGFR TKI Three patients underwent multiple repeat biopsies over the course of their disease (Fig. 5) . The first patient (Fig. 5A ) had adenocarcinoma that harbored the L858R EGFR mutation and a mutation in the tumor suppressor TP53. As expected, this patient experienced a substantial initial response to erlotinib lasting 8 months, at which time a lung core The presence of the original activating mutation was confirmed in both pretreatment (pre-Rx) specimens (upper panels) and drug-resistant specimens (lower panels). Hematoxylin and eosin (H&E) (left) and synaptophysin (right) staining are shown for each case. Notably, the pretreatment biopsies (A and B, upper panels) demonstrate adenocarcinoma consisting of cellular growths of atypical glands with (A) or without (B) a cribriform pattern that are negative for synaptophysin. The post-resistance biopsies (A and B, lower panels) demonstrate a SCLC phenotype consisting of nests of small cells with a high nuclear-to-cytoplasmic ratio with (A) or without (B) the classic SCLC-associated finding of "crush artifact," with positive immunohistochemical staining for synaptophysin. (C) Computed tomography scans of a representative patient (patient 25) with SCLC in the acquired resistance specimen before (above) and after (below) chemotherapy with cisplatin and etoposide (the standard regimen for treating SCLC). Yellow arrows denote right third rib metastases, and white arrows denote left axillary adenopathy.
biopsy revealed adenocarcinoma with the same L858R and p53 mutations, as well as an acquired T790M EGFR mutation. After a 10-month interval without any EGFR TKI exposure, a second repeat biopsy performed on the same lung lesion as the first repeat biopsy revealed that the T790M mutation could no longer be detected. The patient subsequently responded to treatment in a clinical trial of erlotinib plus an investigational agent that does not target T790M. A second patient with an exon 19 deletion had a similar clinical course involving gain and loss of the T790M mutation in multiple biopsies from the same anatomical location during periods of erlotinib and chemotherapy treatment, respectively.
The lung core biopsy from the drug-resistant tumor of a third patient (Fig. 5B) demonstrated SCLC with the original EGFR L858R mutation plus an acquired PIK3CA mutation (Table 2 ). This patient was treated with chemotherapy and radiation for SCLC and her cancer went into a partial remission. After a 7-month interval without any erlotinib exposure, she developed a symptomatic pleural effusion and a thoracentesis revealed adenocarcinoma (negative for neuroendocrine markers) with the L858R EGFR mutation only; the PIK3CA mutation was not detectable. Erlotinib was readministered with a second clinical response. When this patient developed resistance once again, a soft tissue metastasis originating from bone revealed SCLC with the EGFR L858R and the PIK3CA mutation. In total, these findings provide a molecular link to the clinical observation that patients with EGFR-mutant NSCLC tumors will often respond to erlotinib after a TKI-free interval (10, 11) . Without the continued selective pressure of the TKI, the genetic resistance mechanisms and potentially the phenotypic resistance mechanisms are lost.
DISCUSSION
Here, we have performed in-depth genetic and histological analyses on cancers that acquired resistance to EGFR inhibitors. We observed both known molecular mechanisms of acquired resistance and also several genotypic and phenotypic changes that we believe broaden the conceptual model of acquired drug resistance. Notably, we observed a surprisingly high frequency of conversion of NSCLC to SCLC, marked EGFR amplification in a subset of cases with the T790M EGFR mutation, the development of PIK3CA mutations, EMT, and the loss of genetic resistance mechanisms in the absence of continuous TKI treatment. These findings provide new insights into our understanding of drug resistance and emphasize the need to perform tumor biopsies after the development of resistance to identify the best treatment options for patients.
The development of drug resistance that invariably occurs after about 12 months of initiating treatment (4, 5, 24-26) has spurred efforts to understand the biology underlying resistance and to identify therapeutic strategies to overcome or prevent it. These laboratory studies have primarily focused on exposing EGFR-mutant, TKI-sensitive cell lines to EGFR TKIs until resistance develops. They have identified several resistance mechanisms, two of which-EGFR mutation T790M (6, 7) and MET amplification (8, 9)-have been validated in the clinic. Other acquired resistance mechanisms identified by studying the development of resistance to EGFR TKIs in vitro include loss of PTEN (27, 28) and activation of the insulin growth factor receptor (in cell lines addicted to wild-type EGFR) (16) . However, these resistance mechanisms have not yet been validated in the clinic. Activation of MET by hepatocyte growth factor (HGF) has been shown to drive resistance to EGFR TKIs, but these experiments were performed by adding exogenous HGF or HGF-secreting tumor-derived fibroblasts (14, (29) (30) (31) , not by selecting cells after chronic exposure to TKIs. Analyses of resistant specimens support, but do not prove, that HGF may be a resistance mechanism in patients. To date, the various EGFR TKI resistance mechanisms share the same underlying concept: They enable the cancer cell to maintain its intracellular growth signaling pathways, especially the phosphatidylinositol 3-kinase (PI3K)-AKT pathway, in the presence of the EGFR TKI (32-37).
In our cohort of patients with EGFR mutation-positive NSCLC and acquired EGFR TKI resistance, we observed known mechanisms of resistance, the EGFR T790M mutation and MET amplification. Fortynine percent developed the T790M mutation, consistent with the previously reported incidence of this mutation in patients with acquired resistance (8, (38) (39) (40) . A subset of these patients also developed pronounced EGFR amplification, and it appears that the T790M allele is selectively amplified. To the best of our knowledge, amplification of EGFR T790M has not been previously appreciated in TKI-resistant specimens of NSCLC tumors. Balak et al. (40) reported one patient with about twofold increase in EGFR copy number in a drug-resistant specimen, but that case did not harbor the T790M mutation in EGFR. Despite the promising activity of newer, irreversible EGFR inhibitors in patients with EGFR mutations (41), their efficacy has been minimal in patients with acquired resistance to gefitinib and erlotinib (42, 43) . The recent report by Ercan and colleagues (17) that amplified T790M mutations may promote resistance to irreversible EGFR inhibitors suggests that these patients may not respond to the current irreversible EGFR inhibitors and should be directed to other potential therapeutic strategies such as combined PI3K and MEK (mitogen-activated or extracellular signal-regulated protein kinase kinase) inhibition (44), newer, more potent T790M-specific EGFR inhibitors (45) , or combinations of anti-EGFR therapies (46) . In addition, we observed that a subset of the 12 with a lung adenocarcinoma carrying the L858R EGFR mutation and a mutation in the tumor suppressor p53 had a modest response to first-line chemotherapy. The patient then achieved a more robust and durable response to second-line erlotinib, with near-complete resolution of her lung nodules. After 8 months on an EGFR TKI, she developed resistance with growing bilateral pulmonary nodules. A lung core biopsy revealed an acquired T790M mutation in EGFR. There was no response to chemotherapy and she subsequently developed bone and liver metastases. At that time (after not taking the EGFR inhibitor for 8 months), a second lung core biopsy revealed the L858R EGFR mutation, but no detectable T790M EGFR resistace mutation. The patient responded to erlotinib (in combination with an investigational agent that did not target T790M). (B) Patient 24 had an L858R EGFR-mutant adenocarcinoma that responded markedly to first-line erlotinib for 12 months with resolution of her pleural effusion and pulmonary nodules. After 1 year, there was progression of the largest nodule. Core biopsy of this lesion revealed histological transformation to SCLC that harbored the EGFR L858R mutation and acquired a PIK3CA mutation. She was treated with radiation and chemotherapy. After a 6-month break from all treatment, her pleural effusion reaccumulated and small bilateral pulmonary nodules reappeared. Pleural effusion analysis revealed adenocarcinoma with the L858R EGFR mutation only (no PIK3CA mutation). Her disease responded to a second-line course of erlotinib. After 6 months, bony metastases and an adrenal lesion developed. Assessment of a growing bone metastasis revealed SCLC with both the L858R EGFR and PIK3CA mutations.
T790M patients also acquired additional mutations, including two (11% of the T790M cohort) with acquired mutations in b-catenin. To our knowledge, b-catenin has not been postulated as an EGFR TKI resistance mechanism. Anecdotally, in our clinic, we have three patients with concurrent EGFR and b-catenin mutations at baseline, all of whom responded well to erlotinib without evidence of early-onset resistance.
MET amplification was identified in only two (5%) patients, which is less than the 15 to 20% frequency reported by our group and others (8, 9, 38) . We cannot easily explain this lower than expected frequency. Possible contributing reasons include the lack of sufficient tissue for MET testing in two patients in the "unknown mechanism" category, the fairly conservative (high) threshold used for designating amplification used by our pathologists, and the sample size of our cohort. In addition, we failed to identify any acquired genetic resistance mechanism in several cases. Although we were unable to test for all potential resistance mechanisms because of tissue exhaustion and inadequate reagents, it does seem likely that further analyses with more sophisticated techniques such as deep sequencing will lead to the identification of new mechanisms of resistance to EGFR TKIs.
In addition to these two well-described mechanisms of TKI resistance, we observed acquired PIK3CA mutations in two patients. To our knowledge, this represents the first documentation of PIK3CA mutations leading to drug resistance in cancer patients. This finding is supported by our previous laboratory findings that introduction of a PIK3CA mutation in EGFR-mutant HCC827 cells confers resistance to gefitinib (15) . This has important therapeutic implications because there are several ongoing early-phase clinical trials combining EGFR and PI3K pathway inhibitors that are attractive targeted therapy strategies to overcome this mode of resistance. We also hypothesize that patients who have EGFR and PIK3CA mutations in the original primary tumor (baseline) might experience an abbreviated duration of benefit from EGFR TKI therapy compared with patients lacking PIK3CA mutations, and could be considered for enrollment in a first-line clinical trial combining an EGFR and PI3K inhibitor. Indeed, we have observed two patients with EGFR and PIK3CA mutations at baseline who both responded to first-line erlotinib therapy, but the responses lasted only 5 and 7 months. Neither of these cases is included in this cohort of patients who received repeat biopsies; one underwent a repeat biopsy but the tissue was nondiagnostic, and the other was not offered a repeat biopsy.
Perhaps, one of the more surprising findings from our study is the observation that 5 (14%) of the 37 patients experienced a fundamental histology transformation from NSCLC to SCLC at the time of TKI resistance. The original EGFR mutation was maintained in all five patients, disputing the rare possibility that these patients developed a second primary cancer. One patient also acquired a PIK3CA mutation in the SCLC specimen, but none of the patients demonstrated EGFR T790M or MET amplification. The pre-and posttreatment tissues were subjected to neuroendocrine immunohistochemical analyses including staining for synaptophysin, chromogranin, and/or CD56. Although the posttreatment (SCLC) specimens were all positive for neuroendocrine markers, most consistently synaptophysin, the pretreatment (NSCLC) samples were uniformly negative for neuroendocrine markers. We speculate that the high frequency of recognizing this unusual histological phenomenon may have been partly because of the implementation of thorough pathological evaluation of drug-resistant specimens as part of routine clinical care. These findings directly affected patient care decisions, and four of the five patients received SCLC chemotherapy regimens with a response obtained in three patients. This unequivocally suggests that the posttreatment biopsies provided useful clinical information in addition to research information, and that repeat biopsies at the time that clinical resistance to EGFR TKIs develops can directly benefit patients. The transition from NSCLC to SCLC appears to be specific for resistance to EGFR TKIs. We observed no evidence of SCLC in 10 cases of EGFR wild-type chemotherapy-resistant NSCLC and in 69 resected stage III lung cancers, where the patients had received chemotherapy and radiation. Previous case reports have described patients with biopsy-proven SCLC and EGFR mutations (47) (48) (49) (50) (51) . The individual cases reported by Zakowski et al. (47) and by Morinaga et al. (48) are most similar to our patients, and each describes a never-smoking female that presented with EGFR-mutant metastatic adenocarcinoma that transformed into SCLC after developing resistance. Okamoto et al. (49) describe a neversmoking female diagnosed with CD56-positive advanced SCLC harboring an exon 19 deletion in EGFR, who had a good partial response to first-line gefitinib. Fukui et al. (50) identified 6 patients with combined NSCLC-SCLC histology from a cohort of 64 SCLC patients undergoing surgical resection; one was a never-smoking female with an L858R EGFR mutation in both the SCLC and adenocarcinoma components. The final report is a case series arising from an analysis of 122 Asian patients with SCLC or mixed histology tumors that were screened for EGFR mutations, of which 5 (4%) samples were found to be mutationpositive (3 L858R, 1 exon 19 deletion, and 1 G719A) including a neversmoker and 4 smokers with tobacco histories ranging from 3 to 68 pack-years (51) . In this series, only one patient had a pretreatment adenocarcinoma that transformed into a combined SCLC-adenocarcinoma after developing clinical resistance to an EGFR TKI. The other four patients had EGFR-mutant SCLC or mixed histology tumors at baseline.
The biological underpinnings of the SCLC transformation are unknown and are of great interest. The finding that the same EGFR-mutant cancer can manifest both as an adenocarcinoma and as a SCLC hints at the existence of a pluripotent population of EGFR-mutant cancer cells or cancer stem cells (52, 53) that are the source of resistance. The cause of the phenotypic switch to SCLC and concordant development of resistance remain to be determined. Perhaps, these patients developed drug resistance through a genetic or epigenetic event that concurrently led to a shift in phenotypic appearance. One of the marked molecular differences between NSCLC and SCLC is that most SCLCs exhibit loss of expression of the retinoblastoma protein (54-56), a tumor suppressor. We attempted to determine whether the resistant specimens had loss of retinoblastoma protein expression by immunohistochemistry, but staining was not of sufficient quality for interpretation.
In addition, we clearly observed the EMT in two cases of acquired TKI resistance. Neither case had another identified resistance mechanism, but more cases will be required to determine whether this mutual exclusivity can be generalized. Similarly, we observed an EMT in an EGFR-mutant cell line rendered resistant to an EGFR inhibitor in vitro. Several groups have noted that cell lines undergoing EMT are intrinsically resistant to EGFR inhibitors (18) (19) (20) (21) (22) . However, those cancer models do not have EGFR mutations and many have KRAS mutations, so the relevance of those findings to acquired TKI resistance is less straightforward. Two case reports just published support our observation of an EMT in EGFR-mutant NSCLC at the time of TKI resistance (57, 58) . The molecular mechanisms connecting the resistance of the cancer cells to the mesenchymal phenotype remain unknown. However, the recent findings that KRAS-mutant lung cancers with mesenchymal features are resistant to both KRAS knockdown (59) and combined PI3K and MEK inhibition (60) suggest that mesenchymal cells may have an intrinsic lack of sensitivity to the intracellular signaling pathway downregulation that is normally the hallmark of sensitivity to EGFR TKIs.
Evidence from three patients with multiple biopsies over the course of their disease suggests that both tumor genotype and phenotype may evolve dynamically under the selective pressure of targeted therapies. Two patients developed T790M EGFR mutations at the time of TKI resistance and subsequently lost evidence of that resistance mutation in the same anatomic tumor after a period free from TKI treatment. These patients both responded to a challenge with an EGFR inhibitor subsequent to losing the T790M mutation. The third patient underwent a SCLC transformation with acquisition of a PIK3CA mutation at the time of resistance and, after a TKI-free interval, was found to have adenocarcinoma without a detectable PIK3CA mutation. This cycle was repeated when, after a second response to erlotinib, the cancer ultimately developed resistance again and the biopsy of the resistant cancer again revealed the SCLC phenotype with the EGFR L858R and PIK3CA mutations. The mechanisms underlying these fluctuations remain to be proven, but it is tempting to speculate that the baseline heterogeneity of the cancers may contribute to these findings. Indeed, it is possible that substantial populations of "sensitive" cancer cells may remain dormant while subjected to TKI treatment, as recently suggested by laboratory studies (61) . Withdrawal of the TKI may permit their rapid expansion to a degree that overtakes the bulk of the tumor burden. Such a mechanism could also provide insight into the pronounced tumor flare that is often clinically observed when the TKI is removed from slowly progressing cancers (62) . Indeed, these findings confirm that even "genetic" mechanisms of resistance are potentially reversible. Therefore, a static diagnostic biopsy may be insufficient to guide therapeutic decisionmaking throughout the course of a patient's disease. Moreover, all of our patients experienced a second response to erlotinib when their resistance mechanism was no longer detectable, suggesting that repeat biopsies can provide molecular guidance about the likely benefit of a second treatment regimen with EGFR TKI therapy.
The primary limitations of our study are its retrospective nature and the heterogeneity among practice patterns that led to patients undergoing repeat biopsies at various times during their disease (Table 1) . Although all of these treatment variations could have affected the resistance mechanisms observed, the most direct confounder is likely to be whether the patient was "on" or "off " of the primary TKI at the time of biopsy. All of our patients except one were on TKI at the time of biopsy, or had been off drug treatment for ≤5 months (table S1). Another limitation is that in many cases, because of safety and feasibility concerns or because of the predominant radiographic progression in one anatomic area over another, the repeat biopsies were obtained from different tumor locations compared to the original biopsies. Although distinct mechanisms of resistance in different anatomic locations within the same patient have been described (8), we observed that the primary resistance mechanism was often consistent throughout different metastatic sites both in our autopsy cases and in patients with multiple sites biopsied over time. Larger studies will be helpful in further clarifying the impact of these variables.
In conclusion, this study provides further impetus for the utility of reassessing cancers after they acquire resistance to targeted therapies. As our study shows, there is tremendous heterogeneity in resistance mechanisms, each of which may require its own therapeutic strategy. A recent report suggests that cancers with various resistance mechanisms may have distinct prognoses (63) . Although invasive biopsies have associated risks, we did not encounter any significant complications. We anticipate that technologies to assess cancers via noninvasive measures such as circulating tumor cell analyses, plasma DNA analyses, or molecular radiology may eventually obviate the need for invasive procedures. The knowledge gained from our repeat biopsy program directly affected treatment decisions and outcomes, and we were better equipped to rationally treat patients (for example, those with SCLC) as their tumors evolved. Several patients in our cohort were enrolled in clinical trials specifically targeting T790M, MET, or the PI3K signaling pathway after biopsies of their drug-resistant tumors, and several had disease stabilization or response to those therapies. Indeed, it is becoming increasingly clear, from experiences with both chronic myelogenous leukemia treated with ABL kinase inhibitors and EGFR-mutant lung cancers treated with EGFR kinase inhibitors, that the era of targeted therapies will mandate continual assessment of each cancer's evolution over the course of treatment to determine how it became resistant to therapy and to identify the optimal strategies to prevent or overcome it.
MATERIALS AND METHODS
Patients
All 43 consecutive EGFR-mutant NSCLC patients with acquired EGFR TKI resistance undergoing standard post-resistance biopsy of their tumor from January 2007 to May 2010 at the MGH were considered for inclusion in the study cohort. Patients included in the final analysis had to have both pre-and posttreatment tumor specimens available for testing at MGH. To ensure sufficient tissue for molecular analysis, we obtained core biopsies whenever possible, and all fine-needle aspiration samples (except one) undertook multiple passes, which were prospectively combined and spun down into a cell block. Six patients did not meet criteria and were excluded, including one whose repeat biopsy was nondiagnostic for malignancy, one bone biopsy with poor-quality DNA for molecular testing, one with a concomitant thyroid cancer in which the resistant biopsy showed malignant cells that were inconclusive regarding bronchogenic or thyroid origin, one fine-needle aspiration with insufficient DNA, one with a medical contraindication to biopsy, and one pretreatment biopsy that could not be located for molecular analysis. Thirty-seven patients were included in the study cohort; the feasibility of repeat biopsy and comparative molecular analysis in our clinic was therefore 37/43 or 86%. The electronic medical record was reviewed retrospectively to obtain all demographic and clinical information under an IRB-approved protocol.
Genetic analyses
Our group recently developed a multiplexed polymerase chain reaction (PCR)-based assay, based on the commercially available SNaPshot platform (Applied Biosystems), to detect mutations in tumor DNA from formalin-fixed, paraffin-embedded tissue (13) . Our SNaPshot tumor genotyping assay detects multiple mutations in 13 key cancer genes including EGFR, KRAS, BRAF, PI3KCA, b-catenin, APC, and TP53 (table  S2) ; these genes were selected on the basis of clinical relevance, with potential therapeutic agents either already available or with multiple pipeline drugs under development. The DNA of interest is amplified with multiplexed PCR. Genotypes are determined with a single-base extension sequencing reaction, in which allele-specific probes interrogate loci of interest and are extended by fluorescently labeled dideoxynucleotides.
The allele-specific probes have different sizes and are subsequently resolved by electrophoresis and analyzed by an automated DNA sequencer. The sensitivity of the SNaPshot assay ranges from 94 to 99% per allele, with an average sensitivity of 95%. The average specificity is >95%. The SNaPshot assay has been validated for use in a Clinical Laboratory Improvement Act (CLIA)-certified lab and is performed as a clinical routine test, with results included in the medical record (13) .
In our study, all pre-and posttreatment tumor specimens underwent genotyping with SNaPshot. Some pretreatment samples had also been analyzed via direct sequencing of EGFR at the time of diagnosis, as that was our standard clinical analysis up until 2009. Paired tumor samples also underwent FISH of both MET and EGFR using standard protocols (24) . Tumor content by hematoxylin and eosin (H&E) was always confirmed before FISH slides were prepared. When tumor tissue was limited or at risk of becoming exhausted, the genetic tests were prioritized in the following order: (i) SNaPshot testing to confirm EGFR mutation, (ii) the remaining SNaPshot assays, (iii) MET FISH testing, and (iv) EGFR FISH testing.
Histological analyses
All biopsy specimens were reviewed at MGH to confirm diagnoses. Histology was confirmed by H&E staining, and tissue-specific markers such as TTF-1 (thyroid transcription factor 1) were included at the discretion of the pathologist. More tissue-specific markers were included for metastatic specimens when the primary site was in question. Neuroendocrine immunohistochemistry with synaptophysin, chromogranin, and/or CD56 was performed on both the pre-and posttreatment samples that were suggestive of SCLC transformation on H&E staining. Vimentin and E-cadherin immunohistochemistry was also performed on selected patient samples under an IRB-approved protocol. All immunohistochemical staining was performed on representative tissue sections from formalin-fixed and paraffin-embedded tissue blocks. A Ventana autostainer (Benchmark XT) and the company's prediluted antibodies (Ventana) were used for synaptophysin, chromogranin, CD56, and vimentin immunostaining, following the manufacturer's instructions. For E-cadherin immunohistochemistry, the antibody from a different vendor (M3612, dilution 1:50, Dako) was applied. HGF was not tested because of a lack of sufficient tissue in nearly all cases and is therefore not included in this article.
Analyses of H1975 cells made resistant to PF00299804
To generate a resistant cell line, we maintained H1975 cells (L858R/ T790M) in RPMI 1640 supplemented with 10% fetal bovine serum (FBS) and exposed them to increasing concentrations of PF00299804 similar to our previously described methods (8, 15) . PF00299804 was provided by J. Christensen at Pfizer. PF00299804 concentrations were increased stepwise from 1 nM to 2 mM when the cells resumed growth kinetics similar to that of the untreated parental cells. The development of the resistant cell line took~3 months. To confirm the emergence of a resistant clone, we performed survival assays after growth at each concentration after allowing the cells to grow in drug-free conditions for at least 4 days.
Western blots were performed as previously described (44) . The E-cadherin antibody was from BD Biosciences, the vimentin antibody was from Cell Signaling, and the actin antibody was from Sigma.
Growth and inhibition of growth were assessed by Syto60 staining (Invitrogen). Cells were fixed with 4% formaldehyde for 20 min at 37°C and incubated with a 1:5000 dilution of Syto60 stain for 60 min.
Cell density in each well was determined with an Odyssey Infrared Imager (LI-COR Biosciences), corrected for background fluorescence from empty wells, and normalized to untreated wells, as described previously (64) .
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